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Stimulus-Driven and Voluntary Saccades
Are Coded in Different Coordinate Systems
and we recorded their “scanpaths,” that is, the se-
quences of saccades and fixations (Figure 1A). In the
second part of the procedure, the stimulus-driven letter
Matthias Niemeier1,2,* and Hans-Otto Karnath2
1Department of Physiology
University of Toronto
1 King’s College Circle search task (task 2), the subjects observed a red square-
shaped target window that jumped across the displayToronto, Ontario M5S 1A8
Canada and thereby revealed different letters, one at a time; the
revealed letter was sometimes an “A.” The displace-2 Department of Cognitive Neurology
University of Tu¨bingen ments of the red target window matched the individual
scanpath that the respective subject had performed dur-Hoppe-Seyler-Straße 3
72076 Tu¨bingen ing task 1 (Figure 1B). So, when the subjects tracked
the jumps of the red target window with the eyes in taskGermany
2, they showed stimulus-driven saccades that had the
same metrics as the voluntarily executed, exploratory
saccades from task 1.Summary
With this test procedure, we studied the eye move-
ments of neglect patients (NEG) with right-brain dam-We make fast, “saccadic” eye movements to view our
age. We also examined non-brain damaged subjectssurroundings, “voluntary” saccades when saccade
(NBD) and patients without neglect but with lesions ei-targets are deliberately selected, and “stimulus-
ther in the right brain (RBD) or in the left brain (LBD, seedriven” saccades when a target suddenly appears.
Experimental Procedures and Supplemental Data) asSaccades of patients with spatial neglect have been
control subjects. Exclusion criteria were visual-fieldstudied to identify the coordinate systems guiding
defects, oculomotor palsies, language deficits and re-such behavior. However, previous reports disagree on
duced tonic alertness.whether neglect involves an eye-centered deficit of
In the exploratory letter search task, the neglect pa-(delayed and hypometric) saccades specifically when
tients showed the typical deficit of exploration [6–8, 10–performed in the direction opposite the brain lesion
13]. They explored the right half of the letter arrays but[1–5] or not [6–8]. We show that this inconsistency is
mostly ignored the left half. In contrast, the control sub-due to independent mechanisms underlying voluntary
jects showed uniform distributions of saccades. Thisand stimulus-driven saccades. We used a new experi-
bias of the average horizontal eye fixation yielded a sig-mental procedure comparing identical saccades per-
nificant difference between neglect patients and con-formed either during an exploratory search task or a
trol subjects (NEG: 5.8, NBD: 0.6, RBD: 0.5,stimulus-driven task, both of which required similar
LBD:1.4; ANOVA: F(3, 17) 14.76, p 0.001; Scheffe´cognitive functions (Figure 1). Only the patients’ stimu-
tests NEG versus NBD/RBD/LBD: p’s  0.001).lus-driven saccades showed the eye-centered deficit.
An eye-centered deficit of the single saccades wouldThe same saccades were intact when voluntarily per-
result from impaired processes either of saccade targetformed. However, here the patients showed a head-
selection or of saccade performance. So, saccades incentered deficit; their saccades ignored the left part
the leftward direction would show smaller amplitudesof space. In none of our control subjects with or with-
than rightward saccades. Consequently, moving theout brain lesions did the neglect patients’ pattern of
eyes in the leftward direction would require more sac-deficits occur. The results argue that the brain flexibly
cades than moving them rightward [1]. However, foruses a system of distinct but interrelated neural cir-
task 1 we found neither the percentage of saccades norcuits for visual orienting to optimally encode its senso-
saccade amplitude to show the expected asymmetryrimotor functions in multiple behavioral situations.
(Figure 2); ANOVAs yielded no significant subject
group  saccade direction interaction. We observed
Results and Discussion only differences between horizontal (leftward and
rightward) and vertical saccades or between upward
Neurological patients suffering from spatial neglect have and downward saccades (percentage of saccades:
trouble detecting or responding to stimuli contralateral F(1.1, 18.6) 7.53, p 0.012; saccade amplitude: F(1.7,
to the side of the brain lesion. Here, we used a new test 28.9) 6.45, p 0.007; degrees of freedom were Green-
procedure to systematically study the neglect patients’ house-Geisser corrected). Even the results from individ-
eye movement deficits. The procedure comprised two ual neglect patients showed no evidence for a direction-
cognitively similar tasks that allowed a direct compari- specific saccade deficit in task 1.
son of voluntary saccades and of stimulus-driven sac- Furthermore, we could rule out the possibility that
cades aimed at identical target locations that were either such a deficit might have arisen only farther on the con-
voluntarily selected or stimulus-driven. In the first part tralesional side. To look at that, we binned the saccade
of the procedure, the exploratory letter search task (task data according to the saccades’ start locations in one
1), subjects searched for the target letter “A” in a display of four segments of the letter array (left, central left,
central right, or right). With these data sets we calculated
a series of additional ANOVAs similar to the ones above*Correspondence: matthias.niemeier@utoronto.ca
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Figure 2. Parameters of Saccades Performed during the Explor-
atory Letter Search Task
Figure 1. Experimental Paradigm
(A) Percentage of saccades and (B) saccade amplitude performed
(A) Exploratory letter search task. Each subject explored six ran-
in leftward (black bars), rightward (white bars), upward (dark gray
domly distributed arrays of white letters on a black background and
bars), or downward directions (light gray bars) for the four subject
indicated each detected target letter “A” with a mouse click (48 or
groups separately.
60 stimuli, 8–24 target letters “A.” Vertical size of letters: 0.7. Height
of array: 23. Width: 30.5. Presentation time per array: 30 s). Super-
imposed onto the display is a schematic of a short piece of a sub- yielded evidence for a direction-specific saccade deficit
ject’s scanpath consisting of fixations (white circles) and saccades (see Supplemental Data available with this article online
(lines connecting the circles).
for details).(B) Stimulus-driven letter search task. Individual scanpaths from
In contrast, in the second, stimulus-driven lettertask 1 were fed into a special presentation software that generated
search task, we observed a prominent direction-specifica red square-shaped target window (0.9  0.9). The window should
be visually tracked while it jumped across the letter arrays. During deficit in the neglect patients’ saccades. When tracking
the experiment the target window was visible at one position at a the jumping target window in the leftward direction, the
time (here depicted as a white square with “light beams”). But for neglect patients performed more saccades than in any
comparisons with (A), the graph also shows previous window posi-
other direction (Figure 3A), and they showed smallertions. The displacements of the target window matched exactly the
saccade amplitudes. Accordingly, ANOVAs yielded sig-metrics of the scanpaths the subject had used during the searches
nificant subject group  saccade direction interactionsin task 1 [9]. Every 3 s the window jumped to a new position (so
that all subjects could track it). For the first 1.5 s the red window (saccade numbers: F(6.9, 39.1)  6.40, p  0.001; sac-
remained blank (to encourage maintained fixation) and then revealed cade amplitude: F(6.5, 37.0)  3.75, p  0.04). Subse-
randomly selected letters, one at a time (the probability of A’s quent group-wise ANOVAs found these results to be
matched that of task 1). A’s detected within the target window
due to significant differences in the neglect patientsshould be indicated by a mouse click (A’s in the letter arrays in the
(saccade numbers: F(1.4, 4.3)  11.72, p  0.021; sac-background were replaced by distracter letters to avoid confusion).
cade amplitude: F(2.0, 5.9)  18.11, p  0.003) but not
in the control groups. Moreover, all our neglect patients
performed more saccades of smaller amplitude whenbut with a third independent variable, “spatial segment.”
Additionally, we used a somewhat different data analy- tracking the red target window jumping in the leftward
direction versus any other direction (Mann-Whitney Usis to calculate leftward-rightward ratios from the sac-
cade parameters [12]. However, none of these analyses tests of leftward versus rightward saccades: p 0.035).
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they could have caused the observed direction-specific
saccadic deficit. Instead, it can be concluded that the
direction-specific saccadic deficit in neglect patients
predominantly occurs with stimulus-driven eye move-
ments performed in the contralesional direction. In con-
trast, the neglect patients’ voluntary saccades during
visual search can be unaffected by an eye-centered
deficit. These results reconcile previous, allegedly con-
flicting, findings reporting either direction-specific defi-
cits in the saccades of neglect patients [1–5] or intact
saccades [6–8].
Strikingly, however, another deficit became obvious
in the neglect patients’ exploratory saccades. That is,
the spatial distribution of these saccades exhibited the
typical ipsilesional bias of exploration (e.g., [6–8, 10–13]),
reflecting disrupted spatial coding of saccades during
visual search. (This deficit may be further aggravated by
a disturbed memory of prefixated stimuli [8]. However, a
disrupted memory is a nonspatial problem that cannot
explain the ipsilesional search bias itself.) Thus, in addi-
tion to the eye-centered deficit in stimulus-driven sac-
cades, we found an impairment of exploratory saccades
in head-centered coordinates (trunk-centered coordi-
nates could not be tested in the present experimental
setup but are known to be affected in neglect, e.g., [13]).
There is evidence that such body-centered reference
frames are also associated with stimulus-driven sac-
cades; the direction-specific deficit worsens when ne-
glect patients begin their saccades from fixations farther
on the left as opposed to on the right side of space [2,
3]. However, when we examined whether the neglect
patients’ number of stimulus-driven saccades or these
saccades’ amplitudes varied with spatial coordinates,
Figure 3. Parameters of Saccades Performed during the Stimulus- we did not spot any linear or nonlinear influences for
driven Letter Search Task
the range of fixation locations tested in the present
(A) Average number of saccades performed to track the target win-
study. So, body-centered coordinates may be involveddow jumping in leftward (black bars), rightward (white bars), upward
in the deficit of stimulus-driven saccades, but they are(dark gray bars), or downward direction (light gray bars) for the four
less important than eye-centered coordinates, and thissubject groups separately.
(B) Average normalized saccade amplitude performed to track a is opposite to what we found for the neglect patients’
target jump (i.e., saccade amplitudes were divided by the size of the deficit during exploration.
respective jump of the target window to correct for inter-individual The two distinct deficits argue for different neural
differences from task 1).
mechanisms participating in the generation of stimulus-
driven and voluntary saccades, which confirms previous
Only one patient without neglect (RBD8) exhibited a data [14–25]. However, obviously the independence be-
similar pattern of leftward-rightward differences (p’s  tween stimulus-driven and voluntary saccade genera-
0.001). However, this deficit was not restricted to the tion must be limited. At some point, the two systems
leftward direction; RBD8 showed similar differences for merge on the way to the brainstem, and functional im-
upward versus rightward target jumps (p’s 0.015) with aging studies suggest that, in part, this takes place even
no evidence for more disturbed saccades aimed up and on the level of cortical networks [26–30].
left rather than up and right. Because spatial neglect can be regarded as a “break-
This direction-specific saccade deficit cannot be at- down” of partly the same neural circuits or of circuits
tributed to motor problems. The locations of the sac- closely connected with these networks, it is no surprise
cadic targets in task 2 were identical to the target loca- that neglect is correlated with disturbed stimulus-driven
tions self-chosen by each subject in task 1, so any deficit as well as with disturbed voluntary functions [6, 10, 31].
downstream in the saccade system would have shown In agreement with these data, all of our neglect pa-
up in both tasks. Also, both tasks required similar letter tients—but no control subjects—showed impairments
detection mechanisms. Therefore, it appears unlikely of stimulus-driven as well as of voluntary saccades, de-
that differences in cognitive load caused the neglect spite considerable differences in brain lesions and in
patients to perform differently in the two tasks. The sec- recovery time.
ond task did differ from the first in that it presented a A close link between an eye-centered deficit and a
salient saccade goal and provided more time to perform head-centered deficit corresponds to the notion of a
each saccade. However, both of these differences should close relation of eye-centered and head-centered repre-
sentations of space as suggested by different models.have made the task easier. Therefore, it is not clear how
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demographic data of the brain-damaged patients, see SupplementalThe “gain-field model” assumes that body-centered co-
Data). For details concerning test analysis and criteria used for theordinates are implicitly represented in assemblies of
diagnosis of neglect, see [41].neurons with eye-centered receptive fields [32]. The
During the experiment, the subjects sat in a dimly lit room in front
“conversion on command model” [33] suggests that the of a computer monitor. A head and chin rest stabilized the head.
brain initially represents a target in eye-centered coordi- Eye movements were recorded with a video-oculographic system
(3D VOG, SMI, Berlin, sampling rate: 50 Hz).nates and later converts them into the respective coordi-
nate system that is appropriate for a particular task.
Supplemental DataAccordingly, a suddenly appearing target eliciting a
For clinical and demographic information about patients and furtherstimulus-driven saccade would be sufficiently repre-
analyses of experimental data, see the Supplemental Data available
sented in eye-centered coordinates. In contrast, visual with this article online at http://images.cellpress.com/supmat/
search requires representations that keep track of spa- supmatin.htm.
tial relations across eye movements and thus directly
Acknowledgmentsor indirectly generate information about head-centered
coordinates.
This work was supported by grants from the Deutsche Forschungs-A close relation between deficits of stimulus-driven
gemeinschaft (KA 1258/2-3, SFB 550-A4). We thank Igor Frenkel,saccades and those of exploratory saccades does not
Jonathan J. Marotta, and Douglas B. Tweed for helpful comments
imply that both deficits always occur together. For in- on the manuscript.
stance, direction-specific saccade deficits arise with
hemianopia and disrupt the visual input into the cortex Received: December 16, 2002
Revised: January 23, 2003[1, 34]. Similarly, a disturbed cortical output to subcorti-
Accepted: February 4, 2003cal structures might result in a direction-specific deficit
Published: April 1, 2003but no deficit of visual search. One example is presum-
ably patient RBD8, tested in the present study. Other
References
examples seem to be patients with lesions in the poste-
rior limb of the internal capsule [35]. Finally, left-brain 1. Girotti, F., Casazza, M., Musicco, M., and Avanzini, G. (1983).
Oculomotor disorders in cortical lesions in man: the role ofdamage seldom causes neglect. Therefore, left hemi-
unilateral neglect. Neuropsychologia 21, 543–553.sphere lesions are most likely not associated with dis-
2. Karnath, H.O., Schenkel, P., and Fischer, B. (1991). Trunk orien-turbed visual search. However, they can lead to direc-
tation as the determining factor of the ‘contralateral’ deficit intion-specific deficits in stimulus-driven saccades [19].
the neglect syndrome and as the physical anchor of the internal
In contrast, in the right hemisphere, deficits in the spatial representation of body orientation in space. Brain 114, 1997–
distribution of visual search should be yoked to a direc- 2014.
3. Duhamel, J.R., Goldberg, M.E., Fitzgibbon, E.J., Sirigu, A., andtion-specific deficit of stimulus-driven saccades. Is this
Grafman, J. (1992). Saccadic dysmetria in a patient with a rightalways the case? To our knowledge, there is only one
frontoparietal lesion. The importance of corollary discharge forstudy finding no relation between neglect and disrupted
accurate spatial behaviour. Brain 115, 1387–1402.contralesional stimulus-driven saccades [36]. However,
4. Walker, R., and Findlay, J.M. (1996). Saccadic eye movement
stimulus-driven saccades were examined with a tempo- programming in unilateral neglect. Neuropsychologia 34,
ral gap between the offset of the fixation point and the 493–508.
5. Behrmann, M., and Ghiselli-Crippa, M. (2002). Impaired initiationonset of the target stimulus. It is now known that this
but not execution of leftward saccades to left targets in hemi-“gap paradigm” can significantly reduce the direction-
spatial neglect. Behav. Neurol. 13, 1–16.specific deficit in neglect [4].
6. Karnath, H.O., Fetter, M., and Dichgans, J. (1996). Ocular explo-Our study yields new insights into the coordinate sys-
ration of space as a function of neck proprioceptive and vestibu-
tems that guide spatial behavior, a major issue in under- lar input—observations in normal subjects and patients with
standing the brain’s sensorimotor functions. Our results spatial neglect after parietal lesions. Exp. Brain Res. 109,
333–342.suggest that stimulus-driven and exploratory saccades
7. Niemeier, M., and Karnath, H.O. (2000). Exploratory saccadesare generated in a system of neural circuits that operates
show no direction-specific deficit in neglect. Neurology 54,in different spatial coordinates, as required in a multi-
515–518.tude of situations. What is more, the correlation between
8. Husain, M., Mannan, S., Hodgson, T., Wojculik, E., Driver, J., and
the observed saccade deficits and neglect suggests that Kennard, C. (2001). Impaired spatial working memory across
this system is also involved in more general functions saccades contributes to abnormal search in parietal neglect.
Brain 124, 941–952.of visual orienting, consistent with the strong associa-
9. Burman, D.D., and Segraves, M.A. (1994). Primate frontal eyetion of eye movements and attentional mechanisms
field activity during natural scanning eye movements. J. Neuro-[37–40].
physiol. 71, 1266–1271.
10. Johnston, C.W., and Diller, L. (1986). Exploratory eye move-
ments and visual hemi-neglect. J. Clin. Exp. Neuropsychol. 8,Experimental Procedures
93–101.
11. Hornak, J. (1992). Ocular exploration in the dark by patientsAll subjects gave their informed consent to participate in this study,
which was performed in accordance with the ethical standards laid with visual neglect. Neuropsychologia 30, 547–552.
12. Behrmann, M., Watt, S., Black, S.E., and Barton, J.J.S. (1997).down in the 1964 Declaration of Helsinki. We tested four patients
with right-brain damage and spatial neglect and four age-matched Impaired visual search in patients with unilateral neglect: an
oculographic analysis. Neuropsychologia 35, 1445–1458.non-brain-damaged subjects. Two additional control groups com-
prised brain-damaged patients without any symptoms of neglect, 13. Karnath, H.O., Niemeier, M., and Dichgans, J. (1998). Space
exploration in neglect. Brain 121, 2357–2367.nine patients with right-brain damage and four patients with left-
brain damage. As revealed with standard neurological examination, 14. Sundqvist, A. (1979). Saccadic reaction-time in parietal-lobe
dysfunction. Lancet 1, 870.none of the patients showed visual-field deficits (for clinical and
Brief Communication
589
15. Guitton, D., Buchtel, H.A., and Douglas, R.M. (1985). Frontal (1987). Latencies of visually guided saccades in unilateral cere-
bral lesions. Ann. Neurol. 21, 138–148.lobe lesions in man cause difficulties in suppressing reflexive
glances and in generating goal-directed saccades. Exp. Brain 37. Kowler, E., Anderson, E., Dosher, B., and Blaser, E. (1995). The
role of attention in the programming of saccades. Vision Res.Res. 58, 455–472.
16. Sharpe, J.A. (1986). Adaptation to frontal lobe lesions. In Adap- 35, 1897–1916.
38. Schneider, W.X., and Deubel, H. (1995). Visual attention andtive Processes in Visual and Oculomotor Systems, E.L. Keller
and D.S. Zee, eds. (Oxford: Pergamon), pp. 239–246. saccadic eye movements: evidence for obligatory and selective
spatial coupling. In Eye Movement Research, J.M. Findlay, R.17. Bogousslavsky, J. (1987). Impairment of visually evoked eye
movements with a unilateral parieto-occipital lesion. J. Neurol. Walker, and R.W. Kentridge, eds. (Amsterdam: Elsevier), pp.
315–324.234, 160–162.
18. Gaymard, B., Pierrot-Deseilligny, C., and Rivaud, S. (1990). Im- 39. Kustov, A.A., and Robinson, D.L. (1996). Shared neural control
of attentional shifts and eye movements. Nature 384, 74–77.pariments of sequences of memory-guided saccades after sup-
plementary motor area lesions. Ann. Neurol. 28, 622–626. 40. Corbetta, M. (1998). Frontoparietal cortical networks for direct-
ing attention and the eye to visual locations: identical, indepen-19. Pierrot-Deseilligny, C., Rivaud, S., Gaymard, B., and Agid, Y.
(1991). Cortical control of reflexive visually-guided saccades. dent, or overlapping neural systems? Proc. Natl. Acad. Sci. USA
Brain 114, 1473–1485. 95, 831–838.
20. Pierrot-Deseilligny, C., Rivaud, S., Gaymard, B., and Agid, Y. 41. Karnath, H.-O., Himmelbach, M., and Rorden, C. (2002). The
(1991). Cortical control of memory-guided saccades in man. subcortical anatomy of human spatial neglect: putamen, cau-
Exp. Brain Res. 83, 607–617. date nucleus, and pulvinar. Brain 125, 350–360.
21. Braun, D., Weber, H., Mergner, T., and Schulte-Mo¨nting, J.
(1992). Saccadic reaction times in patients with frontal and pari-
etal lesions. Brain 115, 1359–1386.
22. Henik, A., Rafal, R., and Rhodes, D. (1994). Endogenously gener-
ated and visually-guided saccades after lesions of the human
frontal eye fields. J. Cogn. Neurosci. 6, 400–411.
23. Rivaud, S., Mu¨ri, R.M., Gaymard, B., Vermersch, A.I., and Pier-
rot-Deseilligny, C. (1994). Eye movement disorders after frontal
eye field lesions in humans. Exp. Brain Res. 102, 110–120.
24. Gaymard, B., Rivaud, S., Cassarini, J.F., Dubard, T., Rancurel,
G., Agid, Y., and Pierrot-Deseilligny, C. (1998). Effects of anterior
cingulated cortex lesions on ocular saccades in humans. Exp.
Brain Res. 120, 173–183.
25. Heide, W., and Ko¨mpf, D. (1998). Combined deficits of saccades
and visual-spatial orientation after cortical lesions. Exp. Brain
Res. 123, 164–171.
26. Anderson, T.J., Jenkins, I.H., Brooks, D.J., Hawken, M.B., Frac-
kowiak, R.S.J., and Kennard, C. (1994). Cortical control of sac-
cades and fixation in man. A PET study. Brain 117, 1073–1084.
27. O’Driscoll, G.A., Alpert, N.M., Matthysse, S.W., Levy, D.L.,
Rauch, S.L., and Holzman, P.S. (1995). Functional neuroanat-
omy of antisaccade eye movements investigated with positron
emission tomography. Proc. Natl. Acad. Sci. USA 92, 925–929.
28. Darby, D.G., Nobre, A.C., Thangaraj, V., Edelman, R., Mesulam,
M.M., and Warach, S. (1996). Cortical activation in the human
brain during lateral saccades using EPISTAR functional mag-
netic resonance imaging. Neuroimage 3, 53–62.
29. Sweeney, J.A., Mintun, M.A., Kwee, S., Wiseman, M.B., Brown,
D.L., Rosenberg, D.R., and Carl, J.R. (1996). Positron emission
tomography study of voluntary saccadic eye movements and
spatial working memory. J. Neurophysiol. 75, 454–468.
30. Doricchi, F., Perani, D., Incoccia, C., Grassi, F., Cappa, S.F.,
Bettinardi, V., Galati, G., Pizzamiglio, L., and Fazio, F. (1998).
Neural control of fast-regular saccades and antisaccades: an
investigation using positron emission tomography. Exp. Brain
Res. 116, 50–62.
31. Morrow, L.A., and Ratcliff, G. (1988). The disengagement of
covert attention and the neglect syndrome. Psychobiology 16,
261–269.
32. Andersen, R.A., Essick, G.K., and Siegel, R.M. (1985). Encoding
of spatial location by posterior parietal neurons. Science 230,
456–458.
33. Henriques, D.Y., Klier, E.M., Smith, M.A., Lowy, D., and Craw-
ford, J.D. (1998). Gaze-centered remapping of remembered vi-
sual space in an open-loop pointing task. J. Neurosci. 18, 1583–
1594.
34. Meienberg, O., Harrer, M., and Wehren, C. (1986). Oculographic
diagnosis of hemineglect in patients with homonymous hemia-
nopia. J. Neurol. 233, 97–101.
35. Gaymard, B., Ploner, P.J., Rivaud, S., and Pierrot-Deseilligny,
C. (1997). Eye movement impairments after lesions of the ante-
rior vs posterior limb of the internal capsule: selective involve-
ment of frontal vs parietal oculomotor efferences. Soc. Neu-
rosci. 23, 475.
36. Pierrot-Deseilligny, C., Rivaud, S., Penet, C., and Rigolet, M.H.
